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and	 flexibility	of	dispersal	 and	exploratory	behaviors.	Here,	we	examine	 the	move-
ments	 of	 eight	 juvenile	 wandering	 albatrosses,	 tracked	 using	 GPS/Argos	 satellite	
transmitters	for	eight	months	following	fledging,	and	compare	these	to	the	trajectories	
of	17	adults	to	assess	differences	and	similarities	in	behavioral	strategies	through	time.	
Behavioral	 clustering	 algorithms	 (Expectation	Maximization	 binary	Clustering)	were	
combined	with	multinomial	regression	analyses	to	 investigate	changes	in	behavioral	
mode	probabilities	over	time,	and	how	these	may	be	influenced	by	variations	in	day	













member	when	 and	where	 resources	 can	be	 found,	 alongside	where	
they	can	hide	from	predators.	In	addition,	a	good	knowledge	of	their	en-
vironment	may	also	influence	the	outcome	of	competitive	interactions	
(Krebs,	 1982;	 Sandell	 &	 Smith,	 1991;	 Stamps,	 1987).	 As	 such,	 the	
efficiency	 of	 exploratory	 behaviors	 has	 important	 consequences	
for	 individual	 survival	 (Baker,	 1993;	 Verbeek,	 Drent,	 &	Wiepkema,	
1994),	and	thus	individual	and	population	fitness.	This	is	particularly	
true	for	 immature	animals,	which	are	foraging	 independently	for	the	
first	 time	with	 little	 to	no	parental	guidance.	These	 individuals	 typi-
cally	forage	 in	an	unknown	environment,	and	thus	rely	on	an	 innate	
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ability	to	find	and	handle	resources	(Akesson	&	Weimerskirch,	2005;	
Alerstam,	 Hedenström,	 &	Åkesson,	 2003)	 alongside/or	 associations	
with	congeners	that	they	can	copy	(Fagan,	Cantrell,	Cosner,	Mueller,	
&	Noble,	2012;	Mueller,	O’Hara,	Converse,	Urbanek,	&	Fagan,	2013).	





































Solis,	 2008;	 Pennycuick,	 1982;	 Weimerskirch,	 Guionnet,	 Martin,	
Shaffer,	 &	 Costa,	 2000).	 In	 addition,	 individuals	 from	 these	 species	
may	forage	at	specific	habitats,	such	as	regions	of	elevated	productiv-
ity,	shelf	slopes,	ocean	fronts,	or	oceanic	waters	with	species-	specific	
temperature	 preferences	where	 prey	 availability	 is	 enhanced	 (Hunt,	
1991;	 Kappes,	 2009;	 Louzao	 et	al.,	 2011;	 Pinaud	 &	Weimerskirch,	
2007;	Scales	et	al.,	2016).	However,	 the	use	of	specific	wind	condi-
tions	 and	 oceanographic	 habitat	 features	 by	 inexperienced	 juvenile	











ioral	modes	adopted	by	 these	animals	when	at	 sea	and	examine	 (1)	
whether	the	at-	sea	behaviors	of	juveniles	change	through	time	after	
fledging,	(2)	to	what	extent	behavioral	mode	is	influenced	by	external	








fledge,	 were	 fitted	 with	 GPS/Argos	 satellite	 transmitters	 (Platform	








Croxall,	 &	 Burger,	 2003).	 Individuals	 were	 sexed	 using	 a	molecular	
sexing	method	(Weimerskirch,	Lallemand,	&	Martin,	2005).
To	 compare	 juvenile	 behavior	 with	 that	 of	 adults,	 17	 breeding	





location	every	15	min.	To	be	comparable	 to	 the	data	 retrieved	 from	
juveniles,	locations	were	later	resampled	at	2	hourly	intervals.








biologically	 interpreted.	 This	 includes	 a	 percentage	 uncertainty	 for	
each	classification.	Behaviors	were	categorized	using	two	input	vari-
ables:	the	velocity	and	turning	angle	of	a	bird	between	each	location.	
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Both	parameters	were	calculated	with	loxodromic	distances	and	bear-
ings	using	 the	 “geosphere”	R	package	 (Hijmans,	2015).	Tracks	were	
clustered	 into	 four	 behavioral	 categories:	 high	 velocity/low	 turning	
angle	 (HL),	 high	 velocity/high	 turning	 angle	 (HH),	 low	 velocity/low	
turning	 angle	 (LL)	 and	 low	 velocity/high	 turning	 angle	 (LH;	 Table	1	
and	detailed	statistics	in	Table	S1).	HL	and	HH	behaviors	correspond	








Cuenot-	Chaillet,	 &	 Ridoux,	 1997),	 (2)	 intensive	 foraging	 on	 a	 prey	
patch	using	short	 flights	 interspersed	with	sitting	bouts,	and	 (3)	 the	
transition	between	the	“resting”	mode	and	one	of	the	two	rapid	modes	





Delord,	 Guitteaud,	 Phillips,	 &	 Pinet,	 2015;	 Weimerskirch,	 Pinaud,	
Pawlowski,	 &	 Bost,	 2007;	Weimerskirch	 et	al.,	 1997,	 2002).	 In	 the	




To	 study	 the	 relationship	 between	 behavioral	 mode	 and	 biophysi-
cal	 environmental	 conditions,	 we	 considered	 several	 environmen-
tal	 variables	 that	 are	 known	 to	 influence	 the	 foraging	 behaviors	 of	
marine	 predators	 elsewhere	 (Friedland	 et	al.,	 2012;	 Hunt,	 1991;	
Hunt	 et	al.,	 1999;	 Hyrenbach,	 Veit,	 Weimerskirch,	 &	 Hunt,	 2006;	
Louzao	 et	al.,	 2011).	 These	were	 as	 follows:	 six	 hourly	wind	 veloc-
ity	 and	 direction	 (0.25°	 resolution),	 bathymetry	 (0.016°	 resolution),	
monthly	 chlorophyll-	α	 concentration	 (CHLa,	 0.04°	 resolution),	 daily	
sea-	level	height	anomaly	(SLHA,	0.25°	resolution),	and	moon	bright-
ness.	Bathymetry,	wind,	and	CHLa	data	were	downloaded	from	the	
NOAA	 coast	 watch	 website	 (http://coastwatch.pfeg.noaa.gov).	 The	
SLHA	data	were	taken	from	the	Aviso	data	portal	and	were	produced	





categories	 corresponding	 to	 (1)	 “dark	 nights”	 when	 the	 moon	 was	











2006).	Moreover,	only	 the	 first	 eight	months	of	data	 received	 from	
an	 individual	was	 used,	 even	 if	 transmission	were	 received	 beyond	
this.	First,	we	used	 linear	mixed	models,	Cochran–Mantel–Haenszel	
tests,	 and	 chi-	squared	 tests	 to	 ascertain	how	behavioral	mode	pro-
portions	of	adults	and	juveniles	varied	with	sex,	through	time	and	in	
comparison	with	each	other.	Then,	to	investigate	how	environmental	
conditions	 influence	 the	 probability	 for	 juveniles	 and	 adults	 to	 use	
the	 different	 behavioral	modes,	we	performed	 a	 set	 of	multinomial	
logistic	 regressions	 using	 the	 R	 package	 “mlogit”	 (Croissant,	 2013).	








turn	 for	 each	 environmental	 variable	 at	 each	 time	 sample,	while	 all	






Low (0.24 ± 0.17 rad)
High 
(1.61 ± 0.7 rad)


















































2014).	 Across	 the	 three	 years	 (2013	 through	 to	 2015),	 adults	
were	 tracked	 between	 January	 and	March	 for	 time	 periods	 lasting	
8–25	days,	resulting	in	a	dataset	comprising	4,385	locations	in	total.
3.1 | Overall movements





















all	 individuals	 increased	 significantly	 (Kruskal–Wallis:	 χ2
7
	=	23.414,	

















Juvenile	 diurnal	 activity	 was	 influenced	 by	 sex	 during	 the	 first	
3	month	at	sea	following	fledging	(see	Fig.	S4),	with	males	spending	






3.3 | Influence of diurnal cycle on behavior










nantly	 performed	 “rapid”	 flying	 behaviors	 (ballistic:	 42.1	±	5.0%	 (ju-
veniles),	43.2	±	11.8%	(adults),	and	diffusive:	33.2%	±	3.7	(juveniles),	
31.4	±	8.3%	 (adults);	 see	 the	 top	of	Fig.	 S1).	 In	 contrast,	 during	 the	









sitting	behaviors	 remained	 relatively	 stable	 throughout	 the	 tracking	
period	 and	 was	 generally	 lower	 than	 that	 of	 the	 other	 behavioral	




p	<	.001).	After	 this	 first	month,	 during	daylight,	 juvenile	behavioral	



























decreased	while	 there	was	 an	 increase	 in	 the	 probabilities	 of	 using	
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3.5.2 | Environmental correlates of diurnal behavior
The	 influences	 of	 key	 environmental	 variables	 on	 the	 behavioral	
mode	probabilities	of	juveniles	and	adults	during	the	day	are	shown	in	
Figure	4	(see	detailed	model	outputs	in	Table	S2).	Wind	speed	was	the	






Here,	with	 decreasing	 depth,	 the	 probability	 of	 performing	 ballistic	
movements	progressively	decreased	in	favor	of	more	diffusive	move-










iors	when	SLHAs	were	negative	 (coefficient	=	.24	 [ballistic]	 and	 .23	
[diffusive],	both	p	<	.05,	see	Tables	S2	and	S3).
3.5.3 | Environmental 
correlates of nocturnal behavior
At	 night,	 juveniles	 performed	 mainly	 resting	 or	 active-	sitting	 be-
haviors.	However,	they	became	more	likely	to	fly	(i.e.,	through	the	








Day/Night length Wind speed Bathymetry log(CHLa) SLHA Moonlight
Day
Juveniles 0.84 0.35 0.83
Adults 0.88 0.55 0.65
Night
Juveniles 0.81 0.69 0.41 1.04
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increased	(all	p	<	.05,	see	Tables	S2	and	S3).	Specifically,	the	prob-
ability	 of	 flying	 became	 higher	 than	 that	 of	 sitting	 at	 the	 surface	










ments	 when	 over	 negative	 SLHA,	 individual	 variability	 was	 high	
(Figure	4),	 and	 this	 was	 only	 significant	 when	 comparing	 ballistic	
movement	probabilities	 to	resting	probabilities	 (coefficient	=	−.34,	
p	=	.05).










































and	sex	 (Weimerskirch	et	al.,	2015).	Partially	 inherited	 factors,	 such	
as	personality	 (Patrick	&	Weimerskirch,	2015;	Verbeek	et	al.,	1994)	













are	 likely	 emphasized	 due	 to	 the	 relatively	 small	 sample	 size	 (eight	
individuals),	 and	so	our	 results	 should	be	 treated	with	some	degree	
of	caution.
4.2 | Behavioral changes over time
Despite	 high	 individual	 variability,	 several	 behavioral	 patterns	were	
identified	 that	were	 consistent	 across	 individuals.	During	 their	 first	
month	at	sea,	juveniles	flew	<	adults,	spending	more	time	on	the	sur-
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This	may	 be	 because	 the	 flight	 capacities	 of	 juveniles,	 as	 indicated	
by	daily	 travel	distances	here	alongside	patterns	 in	 speed	and	wind	
use	elsewhere	(Riotte-	Lambert	&	Weimerskirch,	2013;	Weimerskirch	
et	al.,	2006),	are	already	almost	equal	to	those	of	adults.	As	such,	the	




movement	costs.	 Indeed,	 rapid	 improvements	 in	 flying	performance	
have	 already	 been	 observed	 for	 other	 young	 seabirds	 (e.g.,	 brown	
booby	 sula leucogaster	 (Yoda,	Kohno,	&	Naito,	 2004).	As	 such,	 long	
periods	spent	resting	on	the	water	during	the	first	month	of	the	at	sea	
period	may	reflect	especially	high	levels	of	flight	energy	expenditure	
in	birds	which	at	 this	 time	are	untrained	 in	 flying	skills.	Subsequent	
decreases	in	the	total	time	spent	foraging	alongside	the	probable	use	
of	suboptimal	search	strategies	(Daunt	et	al.,	2007;	Wunderle,	1991;	
Wunderle	&	Martinez,	 1987),	mean	 that	 during	 this	 first	month	 ju-










constraints,	which	 force	 consistently	higher	 levels	of	 foraging	effort	
regardless	of	underlying	environmental	conditions	 (Mackley,	Phillips,	
Silk,	Wakefield,	 Afanasyev,	 Fox,	 et	al.,	 2010;	 Mackley,	 Phillips,	 Silk,	
Wakefield,	Afanasyev,	&	Furness	2010;	Pinet,	Jaeger,	Cordier,	Potin,	









Adaptation	 to	 light	 availability	 by	 diurnal	 animals	 is	well	 known	
across	a	range	of	taxa	(including	seabirds)	which	use	vision	to	navigate	
and	locate	prey	(Clarke,	Chopko,	&	Mackessy,	1996;	Dias,	Granadeiro,	









through	 the	use	of	a	 “sit-	and-	wait”	 foraging	strategy	 (which	 is	 likely	
included	in	our	active-	sitting	behavior),	has	been	suggested	as	an	ef-












wintering	 adults	 (40%	 vs	 the	 60%	 reported	 by	Weimerskirch	 et	al.	
(2015)).	 Increases	 in	 foraging	 time	 to	 compensate	 suboptimal	 for-
aging	 performance	 have	 been	 suggested	 for	 other	 juvenile	 seabirds	
such	as	 shags	phalacrocorax aristotelis	 (Daunt	et	al.,	2007).	However	
unlike	 albatrosses,	 shags	 are	unable	 to	 forage	 at	 night	 and	 so	 juve-
niles	experience	 lower	survival	 rates	 in	winter	when	day	duration	 is	











4.3 | Adjustment to oceanographic conditions
The	impact	of	wind	on	the	flight	costs	and	velocities	of	adult	wander-
ing	albatrosses	is	well	documented	(Pennycuick,	1982;	Weimerskirch,	
Guionnet,	 et	al.,	 2000).	 In	 this	 study,	 juveniles	 appear	 to	 also	 react	
strongly	 to	 wind	 conditions,	 adjusting	 their	 behaviors	 similarly	 to	
adults.	This	suggests	juveniles	possess	innate	abilities	to	exploit	wind,	
although	 further	experience	may	be	 required	 to	 increase	efficiency.	
For	 example,	Riotte-	Lambert	 and	Weimerskirch	 (2013)	have	 shown	




to	 changes	 in	 oceanic	 environmental	 conditions.	When	over	waters	
deeper	than	3,000	m	(i.e.,	the	majority	of	south	western	Indian	Ocean),	
individuals	were	more	likely	to	perform	larger	scale	movements	by	per-
forming	ballistic	movements.	 In	 contrast,	 diffusive	movements	were	
favored	when	flying	over	waters	shallower	than	3,000	m.	Such	sinuous	











directly	 links	 to	 primary	 productivity	 and	 possibly	 reflects	 the	 idea	
that	this	parameter	can	be	used	as	a	proxy	of	higher-	trophic	level	prey	
availability	 (Hyrenbach	et	al.,	2006).	Coupled	with	detailed	observa-
tions	 of	 bird	 trajectories,	 these	 results	 reiterate	 the	 importance	 of	
oceanographic	 features	such	as	 ridges,	seamounts,	and	shelf	slopes,	
alongside	cyclonic	oceanic	eddies	(which	are	known	to	be	associated	
with	 increases	 in	 primary	 productivity)	 to	 foraging	 seabirds	 (Hunt	





2007).	Moreover,	 individuals	were	more	 likely	 to	perform	 flying	be-
















concentrate	 around	well-	known	productive	 areas	 such	 as	 the	 shelf-	
edges	off	the	southwestern	coast	of	Australia	(Great	Australian	Bight).	
This	may	 be	 partially	 explained	 by	 intraspecific	 and/or	 interspecific	
competitive	pressures,	as	juveniles,	with	lower	foraging	performances,	
are	 thought	 to	 be	 less	 competitive	 than	 more	 experienced	 and	 so	
may	be	excluded	from	the	most	favorable	areas	birds	(van	den	Hout	
et	al.,	 2014;	 Sol,	 Santos,	Garcia,	&	Cuadrado,	 1998;	Wheelwright	&	
Templeton,	2003).	However,	while	 juveniles	were	able	 to	accurately	
follow	shelf-	slope	contours	 (occurring	at	depths	between	2,000	and	
200	m),	 they	 seem	 to	 strictly	 avoid	 flying	 over	 the	 actual	 continen-
tal	 shelf	 (above	 200	m	 deep)	 just	 like	 adults	 (Nicholls	 et	al.,	 2002;	
Weimerskirch,	2007	and	see	Fig.	S2).
5  | CONCLUSION
In	 conclusion,	 juvenile	 albatrosses	were	 able	 to	 respond	 to	 the	 en-
vironmental	 conditions	 they	 encountered	 during	 their	 dispersive	
movements	in	a	manner	similar	to	that	observed	in	adults.	However,	
it	 appears	 they	 only	 attain	 the	 body	 conditions	 and	 foraging	 skills	
of	 adults	 after	 several	 years	 of	 immaturity	 (Weimerskirch,	 1992).	
Subsequently,	the	extensive	duration	of	the	immaturity	period	cannot	





the	breeding	 colony)	 and	memorize	 information	 about	 the	 environ-
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